Many methods are currently used to measure the fracture toughness of ceramic materials. Methods based on crack-length measurements of cracks introduced into the sample surface by the Vicker's indentor have the advantage that they are easy to use, but are very unreliable due to subcritical crack growth and the difficulty in determining the exact length of the cracks. Furthermore, depending on the crack shape there are many equations to calculate K Ic . Other methods like the Chevron Notch or Single Edge Pre-cracked Beam (SEPB) are often difficult to execute or expensive. The simple and inexpensive Single-Edge-V-Notched Beam (SEVNB) on the other hand gives reliable values of fracture toughness of ceramic materials. In this method a saw cut is tapered to a sharp V-notch using a razor blade sprinkled with diamond paste. Thus, it is possible to introduce a sharp crack with a notch width of less than 20 micrometers, necessary to conduct valid tests. In this investigation, fracture toughness measurements on LPS-SiC materials carried out by the indentation technique and the SEVNB method have been compared.
Introduction
The appeal of ceramics as structural materials is based on their light weight combined with their high temperature resistance, high hardness, chemical inertness and elevated wear resistance. A major goal of current ceramic research and development is to produce tough, strong ceramics that perform reliably. The fracture toughness of ceramics is still poor, compared to that of metals and composites. Precise design methodologies and modeling are therefore necessary to help predict the performance of ceramics. Such modeling requires statistically valid data about fracture toughness, wear, strength and hardness.
Fracture toughness values are used extensively to characterize the fracture resistance of ceramics and brittle materials [1] [2] [3] [4] [5] [6] [7] [8] [9] . The fracture of brittle ceramics is usually controlled by the mode I fracture toughness. Simple dimensional analysis of a body containing a crack of length 2a and subject to an applied stress shows that the stress intensification at the crack tip K I is:
Where K I is the stress-intensity factor and Y is a dimensionless constant that depends on sample geometry and crack configuration. Fracture toughness of brittle materials is considered a material parameter. At a critical stress intensity level, K Ic , fracture will occur.
There is no standard specimen type for determining fracture toughness of engineering ceramics, although numerous test techniques are available [10] [11] [12] [13] [14] . The choice of technique is determined by the type of information needed. Specimen geometry, preparation and fabrication history are critical to correlate test specimen behavior with actual component fracture toughness.
A method that is frequently used to determine fracture toughness is the so-called indentation fracture, IF, method 10, 11, 15, 16 . Interest in this method stems from its simplicity and the small volume of material required to conduct K Ic measurements. A Vickers indentation is implanted onto a flat ceramic surface and cracks develop around the indentation with their lengths in inverse proportion to the toughness of the material. By measuring crack lengths, it is possible to estimate K Ic . It must be noted that under small indentation loads, only small Palmqvist cracks form, see Figure 1 . The median vent cracks are used for fracture toughness computations.
Anstis et al. 10 employed a simplified two-dimensional fracture mechanics analysis and obtained:
where P is the load in Newtons, C 0 is the crack length from the center of the indent to the crack tip in meters, E is the Young's modulus in GPa and H is the Vickers hardness in GPa. The Palmqvist crack model equation can also be used to compute fracture toughness if only shallow cracks form. According to Niihara 17 the following equation is valid if c/a < 3.5:
The major difficulties in determining reliable and comparable fracture toughness values are determining the type of cracks formed and measurement of the precise crack length.
An alternate method consists in introducing a single narrow notch in a bending bar and determining the residual strength in a 4-point bending experiment. This method is called Single-Edge Notched Beam 1 . Unfortunately, it has been reported that the results of this test are very sensitive to notch width and depth 18 . From this report it seems that for most ceramics presently in use, a notch width of 20 m or less is necessary to conduct valid tests. Until recently, it was almost impossible to cut such fine notches. Nishida et al. 19 introduced an interesting technique to taper a saw cut to a sharp V-notch using a razor blade sprinkled with diamond paste. This method is known as the SEVNB (Single-Edge-V-Notch Beam) method, to distinguish it from the SENB method, and relates to basic work conducted by Awaji and Sakaida 20 . In this investigation, the fracture toughness of LPS-SiC materials has been measured by the indentation fracture-IF and the SEVNB methods and compared.
Experimental Procedure

Sample preparation
Two types of SiC ceramics were prepared by liquid phase sintering using 10 wt.(%) of AlN-Y 2 O 3 , as additive, at molar ratios of 2:3 (A) and 4:1 (A80), respectively. The sample compositions are listed in Table 1 .
The powder batches were obtained by attrition milling, drying and sieving. Green bodies of approximately 40 x 60 x 6 mm 3 were obtained by uniaxial pre-pressing and cold isostatic pressing under 400 MPa. Sample sintering was done in a graphite resistance heated furnace at a temperature of 2080 °C, for 1 hour under flowing nitrogen, using the powder bed technique. Some samples were further heat treated at 2000 °C for 4 hours. After sintering the samples were cut into bending bars of approximately 3 x 4 x 50 mm 3 , ground and polished.
Sample characterization
The theoretical density of the sintered samples was calculated by the rule of mixture, while the bulk density was measured by the immersion method in distilled water, using Archimedes principle.
The microstructures of the sintered samples were examined by scanning electron microscopy. Samples with surfaces that were polished and plasma etched with a mixture of CF 4 and O 2 , in the proportion 4:2, for 2 hours were used.
To evaluate mechanical properties, the hardness of the samples was determined from Vickers indentations obtained with a load of 10 kg for 10 seconds. Vickers hardness HV10 was computed from Equation 4 :
where HV represents the Vickers hardness, P the applied load and d the diagonal of the indentation mark. The cracks that originated from the Vickers indentations were also used to compute the fracture toughness by the IF method, using Equation 3 proposed by Niihara. For the Young's modulus E, a value of 400 GPa was assumed.
Fracture toughness measurements were also conducted using the SEVNB method. First a cut was introduced by a diamond saw and this notch was tapered by a razor blade with 3 m diamond paste.
The equipment used is shown in Figure 2 . Thus, a sharp notch with small tip radius was produced, as shown in Figure 3 .
Fracture toughness was determined from the residual bending strength of the bars with the V-notch and by using the following relations, Equations 5-7:
. . 
where K Ic represents fracture toughness, the 4-point bending strength, F the fracture load, B the specimen thickness, W the specimen width, S 1 the outer span distance, S 2 the inner span distance, a the average V-notch length, the relative V-notch depth and Y the stress intensity shape factors. Furthermore, the 4-point bending strength was determined using 25 samples of each composition and sinter condition.
Results and Discussion
The results of bulk density and relative density of the sintered samples are listed in Table 2 . It can be seen that the sintered samples attained high final relative densities. Only sample A-4, sintered at 2080 °C for 1 hour and further heat treated at 2000 °C for 4 hours revealed a lower density. This observation is a consequence of reactions between Y 2 O 3 and SiC, producing volatile compounds, as well as evaporation of SiC. This effect was not observed in the samples A80, probably due the lower Y 2 O 3 content.
The microstructures of the samples are shown in Figure 4 . It can Figure 4b , is also clearly observed, consistent with the density measurements listed in Table 2 .
The hardness, 4-point bending strength and fracture toughness as determined by the IF method as well as the SEVNB method are summarized in Table 3 . With respect to hardness of the samples, it can be concluded that the AlN rich A80 samples exhibited higher hardness. The lower hardness and strength of sample A-4, compared to sample A, is due to the higher porosity caused by formation of volatile compounds during the heat treatment. Meaningful results of fracture toughness of A4 samples could not be obtained by the indentation method, because the cracks formed were often branched or the crack length could not be determined.
The fracture toughness results reveal that the toughness of the heat-treated samples is higher than that of the as-sintered samples because of the grain growth. Furthermore it can be seen that the fracture toughness of the AlN rich samples, A80, are consistently higher than that of samples A, which is due to the more elongated grains in samples A80. The results of fracture toughness determined by the IF method are higher than those determined by the SEVNB method. This could reflect the difficulty in determining the exact crack length in the IF method, which is usually underestimated, and results in increased fracture toughness values. On the other hand, the results obtained by the SEVNB method show trends that are similar to those obtained by the IF method, because the notch introduced in the bending bars are well defined, and give reliable results.
Conclusions
From the results presented here, it can be concluded that increased AlN contents lead to increased hardness, strength and especially higher fracture toughness, because of the lower porosity and elongated microstructure in liquid phase sintered silicon carbide ceramics.
Regarding the fracture toughness measurements, it can be observed that the IF method led to consistently higher fracture toughness values compared to the results obtained by the SEVNB method, due probably to underestimation of the real crack length. Because of precise control of the introduced V-notch in the samples for the SEVNB method, the fracture toughness values are more reliable and reflect the material's true property. Differences in the microstructure of the samples are reflected in the fracture toughness determined by both methods, indicating that the IF method can be used for internal comparison, but care has to be taken if results from different sources are to be compared. 
